The nematode Caenorhabditis elegans offers unique experimental advantages for defining the molecular basis of anion channel function and regulation. However, the relative inaccessibility of somatic cells in adult animals greatly limits direct electrophysiological studies of channel activity. We developed methods to routinely isolate and patch clamp C. elegans embryo cells and oocytes and to culture and patch clamp neurons and muscle cells. Dissociated embryonic cells express a robust outwardly rectifying anion current that is activated by membrane stretch and depolarization. This current, termed I Cl,mec , is inhibited by anion and mechanosensitive channel inhibitors. I Cl,mec has broad anion selectivity and the channel has a unitary conductance of 5-7 picosiemens. I Cl,mec is not detectable in whole-cell or isolated patch recordings from oocytes, cultured muscle cells, and cultured neurons but is expressed in single cell and later embryos. Channel density is high, and the current is observed in >80% of membrane patches. Macroscopic currents of 40 -120 pA at ؉100 mV are typically observed in inside-out membrane patches formed using low resistance patch pipettes. Isolated membrane patches of early embryonic cells therefore contain 60 -200 I Cl,mec channels. The apparent activation of I Cl,mec shortly after fertilization and its down-regulation in terminally differentiated cells suggests that the channel may play important roles in embryogenesis and/or cytokinesis.
The nematode Caenorhabditis elegans offers unique experimental advantages for defining the molecular basis of anion channel function and regulation. However, the relative inaccessibility of somatic cells in adult animals greatly limits direct electrophysiological studies of channel activity. We developed methods to routinely isolate and patch clamp C. elegans embryo cells and oocytes and to culture and patch clamp neurons and muscle cells. Dissociated embryonic cells express a robust outwardly rectifying anion current that is activated by membrane stretch and depolarization. This current, termed I Cl,mec , is inhibited by anion and mechanosensitive channel inhibitors. I Cl,mec has broad anion selectivity and the channel has a unitary conductance of 5-7 picosiemens. I Cl,mec is not detectable in whole-cell or isolated patch recordings from oocytes, cultured muscle cells, and cultured neurons but is expressed in single cell and later embryos. Channel density is high, and the current is observed in >80% of membrane patches. Macroscopic currents of 40 -120 pA at ؉100 mV are typically observed in inside-out membrane patches formed using low resistance patch pipettes. Isolated membrane patches of early embryonic cells therefore contain 60 -200 I Cl,mec channels. The apparent activation of I Cl,mec shortly after fertilization and its down-regulation in terminally differentiated cells suggests that the channel may play important roles in embryogenesis and/or cytokinesis.
Chloride is the most abundant anion in extracellular fluids and plays a critical role in numerous physiological functions including regulation of cell excitability, transepithelial fluid transport, acid-base homeostasis, cell volume control, and cellcell communication. Cation-coupled Cl Ϫ cotransporters, anion exchangers, and anion channels play critical roles in moving Cl Ϫ across cell and organelle membranes in all organisms. Electrophysiological studies have demonstrated the existence of numerous types of anion channels in bacteria (1), protozoans (2), plants (3) , and animals (4 -9). However, despite this diversity and the multiple and important physiological roles played by anion channels, relatively little is known about their molecular structure and regulation. To date, only four structurally distinct classes of anion-selective channels have been defined unequivocally. These classes include ligand-gated anion channels (10, 11) , ClC channels (5), cystic fibrosis transmembrane conductance regulator (6, 7) , and the mitochondrial voltage-dependent anion channel VDAC (12) . Certain porins and bacterial toxins have also been shown to form anion-selective channels (e.g. Ref. 13) .
Perhaps one of the least understood classes of Cl Ϫ channels is the outward rectifiers or ORCCs. 1 Substantial effort has been focused on characterizing an ORCC expressed in airway epithelia. The molecular identity of this channel is unknown, but it plays an important role in airway Cl Ϫ and fluid secretion and appears to be regulated by cystic fibrosis transmembrane conductance regulator (6, 7, 14) . Calcium-activated ORCCs have been described in numerous cell types and may play essential roles in a variety of fundamental physiological processes (8, 9) . CLCA genes have been proposed to encode these channels (15) , but this remains controversial.
Virtually all mammalian cells studied to date express a swelling-activated outwardly rectifying anion channel that is thought to play important roles in cell volume homeostasis (4, 16, 17) . P-glycoprotein and pI Cln have both been suggested to function as swelling-activated ORCCs. However, most workers in the field no longer consider these proteins to be viable channel candidates (16 -18) . More recently, the swelling-activated ORCC was proposed to be due to the activity of ClC-3, a member of the ClC superfamily of voltage-gated anion channels (19) . The findings on ClC- 3 have not yet been reproduced by other laboratories, and a variety of recent observations including studies on ClC-3 knockout mice have begun to raise doubts about a widespread role for this channel in volume-sensitive anion channel function (20 -24) .
The nematode C. elegans offers substantial experimental advantages for defining the molecular structure, physiological roles, and regulation of ion channels. These advantages include a fully sequenced genome, a short life cycle, and the ability to carry out powerful genetic analyses of physiological processes. In addition, gene function in C. elegans can be readily manipulated by the generation of knockout and transgenic animals and by the use of RNA interference to disrupt targeted gene expression.
While genetic and molecular biological studies can provide unique and powerful insights into the physiology and regulation of ion channels, direct measurement of ion channel activity in C. elegans using patch clamp techniques is difficult due to the relative inaccessibility and small size of somatic cells in adult animals. In contrast, C. elegans oocytes and early embryo cells are large and can be isolated with relative ease. We describe here the electrophysiological characterization of an outwardly rectifying voltage-and mechanosensitive anion current, I Cl,mec . I Cl,mec is activated shortly after oocyte fertilization and is expressed abundantly in early embryos, and its activity is reduced significantly in terminally differentiated cell types, suggesting that it may play important roles in embryogenesis and/or cytokinesis.
EXPERIMENTAL PROCEDURES
C. elegans Strains-All strains were derived from the wild type N2 line and maintained at 20 -25°C utilizing standard methods (25) . The strains used in these studies were gcy-5::GFP DA1262 (adEx1262) (26) , mec-4::GFP (zdIs4), and mec-7::GFP CF702. All GFP strains contain integrated transgenes with the exception of the gcy-5::GFP line, which carries an extrachromosomal array.
Preparation of Embryo Cells and Oocytes for Patch Clamping-Embryonic cells were prepared by treating adult nematodes with an alkaline hypochlorite solution (0.5 M NaOH and 1% NaOCl) for 5 min (27) . Eggs released by this treatment were pelleted by centrifugation and then washed three times with egg buffer containing 118 mM NaCl, 48 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 and 25 mM Hepes (pH 7.3, 340 mOsm) (28) .
Adult carcasses were separated from washed eggs by density centrifugation in 30% sucrose. The egg layer was removed by pipette and washed one time with egg buffer and then pelleted. Eggshells were removed by resuspending pelleted eggs in egg buffer containing 1-2.5 units/ml of chitinase (Sigma) for 10 min at room temperature. After digestion of the eggshell, the suspension was passed through a 23-gauge needle, and cells were washed twice with L-15 cell culture medium (Life Technologies, Inc.) containing 10% fetal bovine serum (Hyclone, Logan, UT) and adjusted to 340 mOsm with sucrose (L-15-10). Washed cells were re-suspended in L-15 medium and kept on ice until use.
To isolate intact embryos at defined stages of development, eggs were prepared in bulk as described above and kept in ice-cold egg buffer. Small aliquots of the isolated eggs were transferred into a drop of egg buffer with chitinase in the patch clamp bath chamber. After eggshell digestion, the bath chamber was filled with patch clamp bath solution.
Oocytes were isolated by cutting individual nematodes behind the pharyngeal bulb using a 26-gauge needle. The extruded gonad was then detached by making another cut in front of the spermatheca. Gonads were transferred to a small drop of egg buffer in the patch clamp bath chamber and allowed to spontaneously eject oocytes. Once an oocyte was ejected, the gonad was washed away by filling the chamber with patch clamp bath solution.
C. elegans Embryonic Cell Cultures-Embryo cells were isolated as described above and then filtered through a sterile 5-m Durapore syringe filter (Millipore Corp., Bedford MA) to remove undissociated embryos and newly hatched larvae. Filtered cells were plated on 12-mm diameter glass coverslips coated with 1 mg/ml peanut lectin agglutinin (57) . Cultures were maintained at 24°C in a humidified incubator in L-15 tissue culture medium containing 10% fetal bovine serum, 50 units/ml penicillin and 50 g/ml streptomycin. The osmolality of the culture medium was adjusted to 345 mOsm by the addition of sucrose.
Patch Clamp Recordings-Embryo cells and oocytes were allowed to attach to the poly-L-lysine-coated coverslip bottom of a bath chamber (model R-26G; Warner Instrument Corp., Hamden, CT) that was mounted onto the stage of a Nikon Diaphot inverted microscope. Cells were visualized by video-enhanced differential interference contrast microscopy using a Zeiss Neofluar ϫ 63 (1.25 numerical aperture) oil immersion objective lens and a Leitz ϫ 32 (0.4 numerical aperture) condenser lens.
Patch electrodes were pulled from 1.5-mm outer diameter borosilicate glass microhematocrit tubes (Fisher) or soft glass capillary tubes (PG10165-4, World PI, Sarasota, FL) that had been silanized with dimethyl-dichloro silane (Sigma). The standard bath and pipette solutions for membrane patch recordings from embryo cells and oocytes contained 120 -150 mM NaCl, CsCl, or NMDG-Cl and 10 mM Hepes, pH 7.3. In the presence of Ca 2ϩ and Mg 2ϩ , a large conductance Cl Ϫ channel was active in isolated membrane patches from embryos. This channel activity interfered with the measurement of I Cl,mec , and divalent cations were therefore omitted from bath and pipette solutions. Osmolality was adjusted to 330 -340 mOsm with sucrose. Whole cell recordings on cultured mechanosensory neurons were performed using solutions described by Lockery and co-workers (29 -31). Neuron pipette and bath solutions contained 125 mM potassium gluconate, 18 mM KCl, 4 mM NaCl, 0.6 mM CaCl 2 , 1 mM MgCl 2 , 10 mM EGTA, 42 mM sucrose (pH 7.2, 325 mOsm) and 145 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 5 mM MgCl 2 , 10 mM HEPES, 20 mM D-glucose, 25 mM sucrose (pH 7.2, 345 mOsm), respectively.
Membrane patch and whole-cell currents were recorded using an Axopatch 200A (Axon Instruments, Foster City, CA) patch clamp amplifier. Command voltage generation, data digitization, and data analysis were carried out on a 200-MHz Pentium computer (Dimension XPS M200s; Dell Computer Corp.) using a Digidata 1200 AD/DA interface with pClamp 6 and Clampfit 8.0 software (Axon Instruments). Data were filtered at 1 kHz using an eight-pole Bessel filter (Frequency Devices Inc., Haverhill, MA) and digitized at 10 kHz. Whole-cell current measurements from mechanosensory neurons were filtered at 5 kHz and digitized at 20 kHz. Electrical connections to the amplifier were made using Ag/AgCl wires and 3 M KCl/agar bridges. Voltages are reported as membrane potentials. A pneumatic pressure transducer/ tester (model DPM-1B; Bio-Tek Instruments, Winooski, VT) was used for applying step changes in pipette pressure.
Ion substitution studies on membrane patches were performed by complete replacement of bath NaCl with NaSCN, NaI, NaBr, or NaF. For all ion substitution experiments, changes in liquid junction potentials were measured directly using a free flowing electrode. Reversal potentials were corrected for these changes.
Changes in single channel activity were estimated by calculating NP o , which is the product of the total number of channels in the patch and channel open probability. Single channel current levels for individual membrane patches were plotted as an all points histogram. Open and closed current levels were fitted by single Gaussian distributions. NP o was calculated as ⌺xi, where i ϭ 1 ϩ n, n is the maximum number of open channels, and x is the area under the curve of the Gaussian fit for each channel opening.
Statistical Analyses-Data are presented as means Ϯ S.E. Statistical significance was determined using Student's two-tailed t test for paired or unpaired means. p values of Յ0.05 were taken to indicate statistical significance.
RESULTS

Morphological Characteristics of Bulk Isolated, Dissociated
Embryo Cells-Dissociated embryo cell preparations primarily contained single cells and multicellular clusters of 2 to ϳ20 cells. Based on measurements of cell diameters, we estimate that most of the isolated cells and small cell clusters are derived from 2 to ϳ100 cell stage embryos. We operationally define these as "early" embryos. Intact embryos at the "comma" and later stages, operationally defined as "late" embryos, are also present in the preparation. Patch clamp measurements described here were performed on dissociated "early" embryo cells. Isolated embryo cells were viable and continued to divide for several hours after dissociation.
Identification of a C. elegans ORCC-In early studies, we noted that application of gentle suction to the patch pipette during gigaohm seal formation frequently activated a strongly outwardly rectifying current. An outwardly rectifying current was also occasionally activated during excision of membrane patches.
Activation of outward current was observed consistently when negative pressure was applied to inside-out membrane patches (Fig. 1, A and B) . Current activation and inactivation were rapid with application or removal of negative pressure, respectively (Fig. 1C) . Pressure-induced current activation was a graded and saturable function of applied pressure (Fig. 1D) . Currents that were constitutively activated after patch excision were usually activated further by membrane stretch. Mean current at ϩ100 mV in inside-out patches with constitutively active channels increased 4.7 Ϯ 1.7-fold (range ϭ 1.1-28.3-fold; n ϭ 16) with application of Ϫ30 to Ϫ40 mm Hg pressure.
The outward current was voltage-sensitive and activated further by strong depolarization (Fig. 1A) . At ϩ100 mV, current activation was well fit by a double exponential describing fast ( f ) and slow ( s ) time constants. Mean Ϯ S.E. f and s were 201 Ϯ 16 and 1919 Ϯ 327 ms (n ϭ 18), respectively.
To assess the ionic selectivity of the outward current, changes in E rev were measured following changes in bath NaCl concentration. Reduction of bath NaCl from 150 to 75 mM hyperpolarized E rev by Ϫ10 Ϯ 1.6 mV (n ϭ 6). Elevation of bath NaCl to 300 mM depolarized E rev by ϩ9.3 Ϯ 0.4 mV (n ϭ 8). The direction of the shift in E rev indicates that the channels responsible for the current are predominately anion-selective. Using the GHK equation, the calculated relative Na ϩ permeability of the channels (i.e. P Na /P Cl ) is 0.26 -0.29. The relative cation permeability is similar to that described for several other anion channels (32, 33) . We hereafter refer to this mechanosensitive anion current as I Cl,mec .
The anion selectivity of the I Cl,mec channel was assessed by measurement of changes in E rev following complete replacement of bath Cl Ϫ with various test anions. Changes in E rev and the relative permeability to various anions (i.e. P X /P Cl ) calculated using the GHK equation are shown in Table I . The observed anion selectivity sequence of the I Cl,mec channel follows an Eisenman type I selectivity series with SCN
The inhibitor sensitivity of I Cl,mec was assessed using outside-out patches. Currents were activated by positive pipette pressure. Mean current at ϩ100 mV in outside-out patches increased 41.8 Ϯ 25.7-fold (range ϭ 2.8 -45.2-fold; n ϭ 7) with application of ϩ15 to ϩ30 mm Hg pressure. At ϩ60 mV, I Cl,mec was inhibited 40 Ϯ 8% (n ϭ 3) by 50 M 5-nitro-2-(3-phenylpropylamino)-benzoic acid, 54 Ϯ 8% (n ϭ 5) by 500 M DIDS, and 95 Ϯ 4% (n ϭ 3) by 100 M Gd 3ϩ . Inhibition by all three agents was rapid (Ͻ1-5 s) and at least partially reversible (data not shown).
Single Channel Properties of I Cl,mec -Macroscopic currents shown in Fig. 1 were measured using patch pipettes with a resistance of 1.5-3 M⍀. To measure single channel activity, it was necessary to pull smaller inside-out patches using higher resistance (5-12-M⍀) pipettes. We observed only a single channel type when patches were pulled with high resistance pipettes and bathed bilaterally with 125-150 mM NMDG-Cl or NaCl solutions. This channel had a unitary conductance of 5-7 picosiemens at holding potentials of Ϯ100 mV when activated using Ϫ5 to Ϫ30 mm Hg pressure (Fig. 2 ). An identical channel type was detected in cell-attached patches (data not shown). Membrane patches containing a single channel were extremely rare; most patches had at least two or three active channels.
Single channels were either inactive or constitutively active after formation of gigaohm seals and/or patch excision. Inactive channels were activated by application of negative pressure ( Fig. 2A) . Constitutively active channels were activated further by suction. The mean NP o at ϩ100 mV of constitutively active channels increased 7.7 Ϯ 3.9-fold (range ϭ 2.1-19.5-fold; n ϭ 4) in inside-out patches and 3.9 Ϯ 0.9-fold (range ϭ 2.7-6; n ϭ 4) in cell-attached patches with application of negative pressures of Ϫ5 to Ϫ30 mm Hg.
The I-V relationship for single channel currents was linear
FIG. 1. Stretch-induced activation of outwardly rectifying current in inside-out patches from C. elegans embryo cells.
A, an outwardly rectifying, voltage-sensitive current is activated by application of Ϫ30 mm Hg of pipette pressure. Pipette voltage was stepped from Ϫ100 to ϩ100 mV in 2-s, 20-mV steps from a holding potential of 0 mV. B, steady-state I-V relationships for currents shown in A. C, application and removal of negative pipette pressure causes rapid current activation and deactivation. Data shown are from a single inside-out patch held at ϩ40 mV. D, current activation is a saturable function of applied pipette pressure. Data shown are from a single inside-out patch held at ϩ80 mV. The line was fitted to the points using the Boltzmann equation.
TABLE I Effects of anion substitutions on I Cl,mec E rev
Values are means Ϯ S.E. Data were obtained from inside-out patches bathed bilaterally with 150 mM NaCl. Relative anion permeability (P X /P Cl ) was calculated using the GHK equation, and measured changes in reversal potential (⌬E rev ) were induced by complete replacement of bath Cl Ϫ with Na ϩ salts of the various test anions. Reversal potential measurements were corrected for changes in liquid junction potentials.
with a slope conductance of 6.8 Ϯ 0.1 picosiemens (Fig. 2B) . Single channel activity was voltage-sensitive, and NP o was a nonlinear function of voltage (Fig. 2, C and D) . At voltages between Ϫ100 mV and Ϫ60 mV, NP o was relatively voltageinsensitive. Membrane depolarization increased NP o significantly (Fig. 2D) . Mean NP o at Ϫ100 mV was 0.10 Ϯ 0.03 and 0.16 Ϯ 0.03 and increased to 0.45 Ϯ 0.05 (n ϭ 7; p Ͻ 0.002) and 0.37 Ϯ 0.1 (n ϭ 7; p Ͻ 0.02) at ϩ100 mV in cell-attached and inside-out patches, respectively. We suggest that the mechanosensitive single channel activity shown in Fig. 2 gives rise to macroscopic I Cl,mec . The nonlinear relationship between single channel NP o and voltage is consistent with the outwardly rectifying I-V relationship of the steady-state macroscopic current (compare Figs. 1B and 2D ). Outward rectification of I Cl,mec is most likely due to depolarization-induced increases in channel open probability rather than a change in channel conductance.
I Cl,mec Is Expressed Ubiquitously in Early Embryos and Is Activated Shortly after Fertilization-
The I Cl,mec channel was expressed abundantly in "early" embryo cells. Channel activity was typically observed in Ͼ80% of the membrane patches pulled from a given cell preparation. The density of channels in cell-attached and cell-detached patches is particularly noteworthy. Macroscopic anion currents of 40 -120 pA at ϩ100 mV were commonly observed when using 1.5-3 M⍀ patch pipettes (e.g. Figs. 1, A and B) . Based on our estimates of I Cl,mec unitary current, a membrane patch exhibiting 100 pA of outward anion current at ϩ100 mV should contain at least 140 active channels.
I Cl,mec appeared to be expressed ubiquitously rather than confined to a particular cell type or stage of "early" development. As a fertilized C. elegans egg divides, individual cells become progressively smaller. Thus, cell diameter reflects the stage of embryonic development. In order to assess the early developmental expression pattern of I Cl,mec , the diameters of patch clamped cells were measured. Fig. 3 shows the frequency at which I Cl,mec was detected in inside-out membrane patches pulled from cells at various stages of development. These data demonstrate that the channel is expressed in 2-4-cell stage embryos (Ͼ20-m diameter) and embryos up to at least the ϳ100-cell stage (5-7-m diameter).
To definitively assess the earliest stage of embryonic development at which I Cl,mec could be detected, embryos were manually dissected from single worms. Intact embryos were patch clamped after removal of the eggshell. I Cl,mec was observed in two patches pulled from two single cell embryos. The current was also observed in a total of 10 patches pulled from intact 2-16 cell stage embryos (Table II) . These results demonstrate that I Cl,mec is active in the very earliest stages of embryonic development.
In order to ascertain whether I Cl,mec was active prior to fertilization, we developed methods to isolate and patch clamp C. elegans oocytes. Twenty-nine cell-attached and inside-out patches recordings were made on 29 oocytes. Stretch-activated anion currents were not detected in any of these patches. Oocyte whole-cell recordings carried out in previous studies have also failed to reveal the presence of outwardly rectifying anion currents resembling I Cl,mec (34) . The absence of outwardly rectifying anion currents in oocytes suggests that I Cl,mec is activated shortly after fertilization.
I Cl,mec Is Not Active in Terminally Differentiated Neurons or Muscle Cells-Cells of early embryos exhibit little or no obvious morphological differentiation. To determine whether I Cl,mec is expressed in terminally differentiated cell types, we cultured dissociated embryonic cells on glass coverslips. Embryonic cells differentiate into the major cell types that comprise the newly hatched L1 larva when plated onto substrates coated with agents such as peanut lectin that promote cell adhesion. 2 A powerful experimental advantage of C. elegans is the relative ease and economy of generating transgenic animals. It is a mainstay in the field to use GFP reporters to determine cell types in which a particular gene is expressed (35) . Because I Cl,mec is mechanosensitive, we cultured and patch clamped cells expressing GFP reporters expressed in C. elegans mechanosensory neurons. mec-7 encodes a ␤-tubulin (36). MEC-4 is a member of the DEG/ENaC cation channel superfamily (37) . Both mec-7 and mec-4 are expressed largely in mechanosensory or "touch" neurons that respond to body touch (37) . Four touch neurons (ALML/R and PLML/R) develop during embryogenesis, and two (AVM and PVM) arise during larval development.
Embryonic cells isolated and cultured from mec-7::GFP or mec-4::GFP worms expressed GFP in vitro (Fig. 4A) . Intense GFP expression was detected in 1.5-2.0% of cells in culture 1-3 days after plating. All cells expressing bright GFP fluorescence had extensive and highly ramified processes (Fig. 4A) .
Differentiated embryonic cells are viable in culture for at least 3 weeks. 2 Mechanosensory neurons expressed robust whole-cell currents when patch clamped with solutions described by Lockery and co-workers (29 -31) (Fig. 4B) . Although we observed mechanosensitive channel activity in cell-attached patches on mec-7::GFP-and mec-4::GFP-expressing neurons (data not shown), I Cl,mec was never detected (n ϭ 46 patches; Table II ).
In addition to mechanosensory neurons, we also patch clamped chemosensory neurons expressing a GFP reporter for the guanylyl cyclase gene gcy-5 (26) as well as muscle cells and unidentified neurons. I Cl,mec was not detected in any of these cell types (Table II) . These results indicate that I Cl,mec activity is dramatically reduced in terminally differentiated neurons and muscle cells.
Differentiated cells in culture were patch clamped 2-7 days after embryonic cell isolation and plating. To determine whether the dramatic reduction in I Cl,mec activity is due to maintenance of cells in culture, we plated embryonic cells on uncoated glass coverslips. Cells cultured on uncoated coverslips do not adhere to the growth substrate and remain viable for many days but do not appear to differentiate morphologically. When undifferentiated embryonic cells were patch clamped 1-6 days after isolation, we observed robust I Cl,mec activity. The current was detected in 34 of 38 inside-out patches (Table  II) . Mean Ϯ S.E. current at ϩ100 mV was 45.2 Ϯ 7.8 pA (n ϭ 34). Taken together, the results shown in Table II demonstrate that the dramatic reduction in I Cl,mec activity is not due to maintenance of cells in culture but instead appears to be the result of attainment of a terminally differentiated state.
DISCUSSION
Our patch clamp studies on C. elegans embryo cells have identified a novel outwardly rectifying mechanosensitive anion current we term I Cl,mec . Extensive biophysical and electrophysiological studies have been carried out on mechanosensitive cation channels in numerous cells types (38) , but there have been comparatively few studies of mechanosensitive anion channels. Mechanosensitive anion channels have been described in cultured kidney cells (39) , plant cells (40, 41) , microglia (42) , and E. coli (43) .
I Cl,mec is not detectable in C. elegans oocytes but is expressed abundantly (see "Results") and ubiquitously in single cell embryos and in embryos up to and possibly beyond the 100-cell stage (Table II and Fig. 3) . Furthermore, I Cl,mec activity is decreased dramatically in cells that have differentiated into neurons and muscle (Table II) . Activation of I Cl,mec shortly after fertilization, its abundant and apparently ubiquitous expression in early embryo cells, and its striking down-regulation after cellular morphological differentiation has occurred suggest strongly that the channel may play important roles in embryogenesis and/or embryo survival.
What possible functional roles might I Cl,mec play in the developing C. elegans embryo? A C. elegans egg undergoes rapid embryogenesis; the first cell cleavage begins shortly after fertilization, and a 550-cell L1 larva hatches ϳ14 h later. Substantial mechanical forces are generated during and are required for cytokinesis (44) . These mechanical forces may be sensed and/or regulated by I Cl,mec .
Cell migration, shape, and position control cell fate, cell growth, and proliferation, and whole animal morphogenesis (45, 46) . Cell volume changes also appear to control cell proliferation and growth, and they may be important for regulating cell movement (47) . It is thus conceivable that I Cl,mec may participate in embryonic development by modulating and regulating cell volume, by controlling morphogenic cell migration events, by sensing cell position, and/or by sensing and controlling cell shape changes.
Ion channels have long been implicated in playing fundamental roles in processes that control cell differentiation, proliferation, and growth (47, 48) . For example, transfection of the ether à go-go K ϩ channel into mammalian cells induces a transformed cellular phenotype exhibiting enhanced growth and tumor progression (49) . Inhibition of an inwardly rectifying anion channel in C. elegans spermatids induces differentiation into spermatozoa (50) . In ascidian embryos, the amplitude of a swelling-activated, voltage-regulated Cl Ϫ current increases nearly 10-fold just prior to cell cleavage (51) . Cell cycle-dependent changes in the activity of this channel may be important for regulating cytokinesis by controlling cell volume, membrane potential, and/or the activity of other transport pathways.
C. elegans oocytes express a ClC-2 ortholog encoded by clh-3. Meiotic cell cycle progression activates the channel. Activation of CLH-3 in turn appears to modulate the function of neighboring somatic cells that control oocyte ovulation (34) . Knockout of the ClC-2 gene in mice causes male sterility and a profound disruption of male germ cell development (23) .
I Cl,mec has biophysical characteristics resembling those of the ubiquitous swelling-activated anion current, I Cl,swell . The mechanisms by which the I Cl,swell channel senses and is activated by swelling are unclear. However, mechanical forces induced by cell volume increase could conceivably trigger the channel. Interestingly, I Cl,swell has been implicated in the regulation of cell differentiation, cell cycle events and apoptosis. In microglia, a stretch-activated anion channel with biophysical characteristics similar to I Cl,swell appears to modulate transformation from an ameboid to a ramified shape (42) . Recent studies in mouse liver cells suggest that I Cl,swell plays a role in controlling liver growth (52) . I Cl,swell has also been implicated as playing an important role in programmed cell death (47, 53) .
Molecular identification of the I Cl,mec channel will probably provide substantial new insights into mechanosensitive channel function and possibly into embryonic development, cell cycle control, and cytokinesis. Anion channel genes identified in the C. elegans genome include GABA-and glutamate-gated channels (54, 55) and six members of the ClC superfamily (5, 56) of anion channels. The widespread and abundant expression of I Cl,mec in early embryos, combined with the molecular manipulability of C. elegans provides unique experimental advantages for identifying the gene(s) encoding I Cl,mec . Successful molecular identification of I Cl,mec will provide insight into the physiological roles played by the channel, will allow identification of interacting proteins and molecular definition of their functions, and will provide insights into how mechanical forces regulate mechanosensitive channel activity. 
